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Nitric acid scavengingby mineral and biomass burning aerosols
A. Tabazadeh
l, M. Z. Jacobson
2, H. B. Singh
l, O. B. Toon3, J.S.Lin4,R. B. Chatfield
l, A. N.
Thakur1,R. W. Talbot5, andJ. E. Dibb5
Abstract.The abundance
of gasphasenitricacidin theupper Data Presentation and Analysis
troposphere
is overestimated
by global chemistry-transport
Figure 1 illustrates the seasonal variation in the observed
HNO3 gas phase concentration.Also shown are calculations
mineral aerosolswere abundantin the upper troposphere from the Harvard/GISS model [Wang et al., 1998]. Most of the
duringspring.Chemicalreactions
on mineraldustmayprovide HNO3 data shown in Figure 1 was obtainedduring the NASA
an importantsink for nitric acid. In regionswherethe mineral PEM-West A and B field programs over the western pacific
dustabundance
is low in theuppertroposphere
similarHNO3 ocean [Thakur et al., 1998]. In general the majority of
removal processesmay occur on biomassburning aerosols. locations over the globe show similar seasonal patterns as
We proposethat mineralandbiomassburningaerosolsmay that shown in Figure 1 [Thakur et al., 1998]. In the upper
providean importantglobal sink for gas phasenitric acid, troposphere,the observedHNO 3 valuesare about2 to 10 times
particularly during spring and summer when aerosol higher during winter, whereasthe calculated values are about a
composition
in the uppertroposphere
may be greatlyaffected factor of 2 larger during summer. The seasonalvariation in the
by duststormsfrom eastAsia or tropicalbiomassburning measuredHNO 3 valuesindicatesthat the HNO 3 concentration
may be affected by unknown chemical processes,which are
plumes.
highly sensitive to the seasonal and geographical variations
Introduction
of the background aerosol. For instance, the measured
concentrations of dust and biomass burning aerosols are
Ozone concentration in the upper troposphereis highly relatively higher during spring and summer as compared to
affected by the distribution of nitrogen between nitrogen winter over the tropics [Penner et al., 1992] and south east
oxides and their main reservoir species,HNO 3 [Singh et al., Asia [Carmichael et al., 1996]. Below we discuss several
1996; Jacob et al., 1996]. It is well-known that global possiblechemicalreactions,which can remove HNO3 from the
chemistry-transport
models overestimatethe abundanceof gas gas phase in places where dust and/or biomass burning
phase HNO3 in the upper troposphere[Singh et al., 1996; aerosols are abundant.
Jacob et al., 1996; Wang et al., 1998, Thakur et al., 1998].
Here we analyze bulk aerosol composition data collected
Several suggestions have been set-forward to resolve this usingthe DC-8 aircraft during the recentNASA SUCCESS field
issue. Some proposalssuggestmechanismsto remove HNO3 program [Toon and Miake-Lye, 1998]. The Dual-inlet aerosol
from the gas phaseby scavengingof HNO 3 on cirrusice cloud sampling system used during the flights has been described
surfaces [Abbatt, 1997; Zondle et al., 1997; Lawrence and
elsewhere [Talbot et al., 1998]. Bulk aerosol samples were
Crutzen, 1997], while others discuss possibilities for collected with 10-15 minute time resolution on Teflon filters
conversion of HNO3 into nitrogen oxides on sulfate and soot for determinationof soluble ions species[Talbot et al., 1998].
aerosol surfaces [Chatfield, 1994; Iraci and Tolbert, 1997;
Figure 2 illustrates vertical profiles of ions measured in
Rogaski et al., 1997]. Our recent analysis of ice clouds show filter samplescollected during SUCCESS. One striking feature
that cirrusis not an effectiveglobal sink for HNO3 [Tabazadeh
1 0øN - 30øN and130øE-150øE
et al., 1998]. Also recent comparisonsof HNO 3 gas phase
abundanceagainstfield data suggestthat conversionof HNO3
12 .o
into nitrogenoxides on soot and sulfate aerosolsurfacesmay
be less importantthan previouslythought [Wang et al., 1998,
10 •- •
Winter
Data _
Singh et al., 1998]. In this work we investigatehow mineral
and biomassburningaerosolsmay affect the HNO 3 gas phase
abundancein the upper troposphereby providing a chemical
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sink for HNO 3.

models,especiallyduring the spring and summerseasons.

Recent aircraft data obtained over the central US show that
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Figure 1. The variationin the observed
andcalculatedHNO3
gas phaseconcentration(adaptedform Thakur et al. [1998]).
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Figure 2. Altitude distributionof variousion speciesmeasuredduring SUCCESS.

of this profile is that in addition to the sulfate ion, upper
tropospheric aerosols over the central US contained
significant amounts of ammonium, nitrate, calcium and
magnesium ions [Talbot et al., 1998; Dibb et al., 1998]. The

ratioof Ca2+/Mg
2+andCa2+/Na
+ stronglysuggest
that someof
the sampled particles were mineral aerosols that were
transportedto the upper troposphereby convection [Talbot et
al., 1998].
Figure 3 illustrates how the ammonium ion varied in the
aerosol samples with respect to the sulfate and nitrate ions. A
good correlation between ammonium and sulfate is obtained
except for a few points with very low values of the ammonium
ion. For the data points below the (NH4)2SO4 line (- 25% of
the total), the ammonium ion was present in excess of the
amount

needed to neutralize

sulfate

to ammonium

sulfate.

This

excess ammonium in the samples is perhaps neutralized by
nitrate forming NH4NO 3 particles. In fact data points
containing excess ammonium when plotted (not shown)
against the nitrate ion show some tendency to cluster around
the NH4NO3 slope.
Although the analysis shown in Figure 3 indicate that sulfate
aerosolsin the upper tropospherecontain significant amounts
of ammonium ion, no obvious correlation is seen between the

ammonium and nitrate ions. In fact Figure 3 shows that nitrate
ion was often present in the samples in excess of the
ammonium ion. Indeed in many samples the excess nitrate
considerably exceeded the amount that might be present as
ammonium nitrate. Our recent thermodynamic calculations
show that nitrate can only be present in neutral or basic
aerosol solutions in the upper troposphere [Tabazadeh and
Toon, 1998]. Therefore, the excess nitrate in the samples

nitrate associated with dust was perhaps present on the
particles before transport to the upper troposphere. In fact
many observationsshow that dust particles are a major sink
for nitrate ions in the boundary layer air [Carmichael et al.,
1996; Prospero and Savoie, 1989; Carmichael et al., 1997],
and it is very likey that some of the nitrate in the particles,
measuredduring SUCCESS, originatedfrom the surface.

Figure 4 illustratesa histogramwhere we have used ion
abundancesshownin Figure 2 to calculatethe net chargefor
each aerosol sample collected. The samples where the
calculatednet chargeis negativecan be balancedout by adding

to the systemH+ ions. However,over60 % of thetimethe
net changefor a given aerosolsampleis positive.The most
likely explanationfor balancingthe excesspositivecharge,
which is commonlyusedfor compositionanalysisof boundary
layer aerosols,is to addcarbonateionsto the system[Hayami
and Carmichael, 1997; Russell and Gass, 1984]. In fact in

Figure 3 there are many data pointsin which the measured
mineral ion mixing ratios greatly exceededthe amount that
could have been neutralizedby the nitrate ion. For suchcases,
the mineral ion in the aerosol is perhapsassociatedwith the
carbonate ion and can be replaced by gas phase HNO 3, as
described in the next section.

Discussion

We inferred above that a significant amount of carbonateis
present in aerosol samples collected during SUCCESS in the
upper troposphere. Following the suggestion of Dentenor et
al. [1996], we proposethat the carbonatein mineral aerosols
can be replacedby gas phaseHNO 3 accordingto the following

cannotbe accounted
for by the H+ ion, whichis not measured

neutralization

reaction:

in filters, and is often added to the samplesfor charge balance
calculations.Thus we suggestthat the excessremainingnitrate
was on dust particles and was associated with one of the
metallic ions shown in Figure 2.
In Figure 3 a correlationplot is shown for mineral ions with

CaCO3(s)+ 2HNO3(g) -->Ca(NO3)2(aq)+ CO2(g) + H20(aq)
In order to estimate the time required for carbonate

displacement
by nitrateto occurwithin aerosols,a box-model

simulation of nonequilibrium transfer between the gas and
aerosol phase coupled with equilibrium chemical reactions
neededto neutralizeexcessammoniumto NH4NO3, asdescribed within the aerosolphasewas performed.The model used for
above, has been subtractedfrom the total nitrate mixing ratios this simulation (APD/EQUISOLV) is describedin Jacobson
shown in Figure 2). The data points show some tendency to [1998]. For this case,gas phaseHNO3 transferto and reaction
cluster around the calcium (or magnesium) nitrate slope. within a monodispersedistribution of 2 micron diameter
However, the agreementis not as good as that shown for the aerosolscontainingCaCO3 was simulatedfor differentrelative
(NH4)2SO4. This is probably related to the fact that some of the humidities and speciesconcentrations.
respect to the nitrate ion (note that the amount of nitrate
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Figure 4. A histogramof the net charge for each filter
sampleusing the ion concentrations
given in Figure 1. In

over the US contained oxalate ion, which is often present in
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muchlower than 30 ppt [Thakuret al., 1998].
Dust is not the only type of aerosolthat may removenitric

acid vapor from the atmospherein the upper troposphere.
Roughly14 % of the filter samplescollectedduringspring
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1988]. Suchbiomassburningwas often observedduring the
field mission, and occurs as part of springtimeagricultural
200
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processes
in the US. Below we discusshow biomass-type
aerosols
mayaffectthe HNO3budgetin theuppertroposphere.
On occasion,the aerosolscontainedrefractorywater soluble

chloride(Figure1). The observed
chloridecannotbe seasaltin

•'Q.150

origin,dueto a lackof positivecorrelation
withthemeasured

Ca(NO3
) 2 (orMg(NO
3)2)

sodiumion. We speculatethat the chloride originatedfrom
burning agriculturalland. The measuredchloride ion was
perhaps
associated
with eitherthe ammonium
or potassium
in

+

particles
thatwereproduced
duringtheburning
process
[Talbot
et al., 1988; Andreae et al., 1988]. If our assumptionwith
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Figure 5 shows a diagram of the time required for the
displacementof carbonateby the nitrate ion. Even at 15% E 60
relativehumidityand220 K, particlesare predictedto contain o
sufficient(althoughsmall) liquid water contentsfor transfer e40
and reaction to occur. At high calcium contents, the E
conversion time is slightly slower than at low calcium i:
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contentssimplybecausemoreconversionis requiredat high
calcium contents.Temperaturevariationstbrm 210 to 260 K
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seemto changethe conversion
timesshownin Figure 5 by
only about 1 to 5 hours.
Assuming that carbonate ion concentration can vary

between30 to 100 ppt (basedon mineral ion mixing ratios
shownin Figure 2) and includingcarbonatereactionsto the
HARVARD/GISS model (assumingthat the reactionsproceed
to completion),the modeledHNO3 valuesshownin Figure1
can be reducedby as muchas 60 to 200 ppt, whichis in better
agreement
with the observations.
The modeledwintervalues
shownin Figure 1 will remain roughly the same since the

[HNO3]
i (ppt)
Figure 5. Time constanttbr the completedisplacement
of

carbonateinto nitrate ion as a function of HNO 3 gas phase
concentration. The numbers on the lines indicate the relative

humidity.
The calciumion concentration
variedfrom30 to 100
ppt.Forthecalculations
we assumed
thatall thecalciumionin
the particlewas initially associated
with the carbonateion.
The atmospheric
pressure
for thesimulations
wasfixedat 200
mb.
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